Alterations in cerebral hemodynamics are postulated to contribute to brain herniation, a major cause of death in patients with severe hepatic encepha lopathy due to fulminant hepatic failure (PHP). In an ef fort to identify these changes in cerebral hemodynamics, regional and global cerebral blood flow (CBP) and CO2 reactivity were measured using stable xenon-enhanced computed tomography (Xe/CT) in 24 patients within 72 h of onset of severe hepatic encephalopathy. Regional vari ations in CBP, most notably, a relative decrease in CBP in the anterior circulation and an increase in CBP in the posterior circulation were found. CBP was significantly lower in PHP patients compared with controls, however, Fulminant hepatic failure (FHF) is defined as a clinical syndrome in which hepatic encephalopathy (HE) develops within eight weeks of onset of illness in a patient with no previous history of hepatic dis ease (Trey and Davidson, 1970; Schalm and de Knegt, 1991). In recent years, much attention has been directed toward the alterations in cerebral he modynamics as a result of HE. Due to its presumed metabolic origin, the insult to the brain in HE is assumed to be global (Alternau and Kindt, 1977; Abbreviations used: ABG, arterial blood gases; ACA, anterior cerebral artery; CMRoz, cerebral metabolic rate of oxygen; FHF, fulminant hepatic failure; HE, hepatic encephalopathy; MANOVA, multivariate analysis of variance; MCA, middle ce rebral artery; PCA, posterior cerebral artery; PET, positron emission tomography; ROI, region of interest; Xe/CT, xenon enhanced computed tomography. Yonas H, Obrist W, Gur 0, Good WF (1 989b) Cross-correlation of CBF measured by 133Xe and Xe/CT in normal volunteers. J Cereb Blood Flow Metab 9:S409 Yonas H, Darby JM, Marks EC, Durham SR, Maxwell C (1991) CBF measured by Xe/CT: approach to analysis and normal values. J Cereb Blood Flow Metab 11:716-725
these values are well out of the established ischemic range. PHP patients also showed significant impairment in CBP response to hypoventilation, while the CBP re sponse to hyperventilation remained intact. This study suggests that PHP patients demonstrate early changes in both CBP patterns and CO2 reactivity. The relatively "normal" CBP values obtained in PHP patients in severe hepatic encephalopathy coupled with the lack of vasodi latation to hypo ventilation suggest a state of uncoupled CBP and metabolism or "luxury perfusion" that could theoretically contribute to vasogenic edema, brain swell ing, and cerebral herniation. Key Words: CO2 reactivity Pulminant hepatic failure-Hepatic encephalopathy. eral studies employing different methodologies have discussed global alterations in both cerebral blood flow (CBF) and metabolism in patients with HE (Fazekas et al., 1956; Baldy-Moulinier and Bo ries, 1977; Rodriguez et al., 1987; Ede et al., 1988; Almdal et al., 1989; Sari et al., 1990; Aggarwal et al., 1994) , although technology capable of resolving regional alterations of cerebral hemodynamics has recently become available. Lockwood et al. (1991) used positron emission tomography (PET) to exam ine regional alterations in CBF and metabolism, however, this study involved patients with only minimal encephalopathy. To date, the regional al terations of cerebral hemodynamics in severe HE remain ill defined.
In addition to changes in CBF and metabolism, impairment of cerebrovascular reactivity to changes in Peoz has also been suggested to contrib ute to the hemodynamic alterations in HE (AlteQau and Kindt, 1977; Chodobski et al., 1986a) . How ever, these studies investigated only hyperventila tion-hypocapnic changes in Peoz in experimental animals; hypoventilation-hypercapnic changes in Peo2 were not addressed. To date, there have been no published studies of cerebrovascular reactivity to changes in Peoz in both hyper-and hypoventi lated states in patients with severe HE.
The objective of this retrospective study is to de termine the regional as well as global CBF changes and to establish the response of CBF to changes in Peoz (both hyper-and hypo ventilation) in patients with acute HE of grades III and IV. Stable xenon enhanced computed tomography (Xe/CT) was used to determine CBF and COz reactivity because it has been shown to be a highly quantitative and repro ducible CBF methodology even in disease states (Yonas et aI., 1991) .
METHODS

Subjects
Twenty-four FHF patients (11 male, 13 female), rang ing in age from 19 to 66 years (mean, 36 ± 10 years), with acute onset «72 h) of grade III or grade IV HE were included for study. On the basis of neurological examina tion at the time of the CBF study, HE was classified as grade III, coma with preserved motor response to painful stimuli, or grade IV, flaccid coma unresponsive to painful stimuli (Sherlock, 1985) . The etiology of HE was either viral hepatitis or drug-induced toxicity. Patients with his tory of chronic liver disease or who had undergone liver transplantation were excluded from study. All patients were intubated and mechanically ventilated prior to the study.
A control population consisting of normal subjects who were age and sex matched to the FHF patients was used as a comparison group. Control subjects ranged in age from 22 to 66 years (mean, 37 ± 11 years), had no history of neurological or hepatic disease, and were not taking any medication known to affect hepatic function or cere bral blood flow. Appropriate approval for the Xe/CT CBF studies was obtained from the Investigational Review Board at the University of Pittsburgh Medical Center.
Pe02 measurements
Arterial blood gases (ABG) were sampled at the time of the Xe/CT CBF study via radial or femoral artery cathe ter. ABG were not available for four patients; therefore, end-tidal Pe02 measurement by capnography was used. End-tidal Pe02 measurements were found to reflect accu rately ABG measurements at baseline Pe02 (n = 20) and during hyper-and hypoventilation periods in all patients (n = 12) for whom both measurements were available.
Only end-tidal Peoz measurements were available for control subjects.
CBF studies
All Xe/CT CBF studies were performed within 72 h of onset of grade III or grade IV HE. CBF was measured using the Xe/CT CBF technique described by Gur et al. (1989) using two standard scanning levels. The first scan passed through the basal ganglia (level 1), providing bi lateral cortical CBF measurements of the anterior, mid dle, and posterior cerebral artery distributions (ACA, MCA, and PCA, respectively) as well as the basal ganglia ( Fig. lA) . The second scan was obtained approximately 20 mm higher, passing through the centrum semiovale (level 2), and provided measurements of the ACA, MCA and PCA distributions bilaterally (Demasio, 1983; Yonas et aI., 1991) .
U sing a reproducible, automated technique, contiguous 2-cm regions of interest (ROI) were placed around the cortical mantle of each level (Y orras et aJ., 1991) . Two centimeter circular ROI were also placed within the cau date nucleus, putamen and thalamus. Territorial CBF val ues were obtained using an average of all ROI values obtained in a particular vascular territory. Basal ganglion CBF values consisted of an average of the ROI values of the caudate nucleus, thalamus, and putamen. Global CBF values were obtained using an average of all ROI values obtained for each study.
CO2 reactivity
Fourteen patients of the FHF population had a second CBF measurement 20-30 min after the first, following adjustment of minute ventilation ( Fig. 1 B and C) . Peoz level was then increased or decreased a minimum of 5 mm Hg in these patients. Criteria for hyperventilation in cluded a baseline Peo2 > 30 mm Hg, a baseline CBF > 30 ml 100 g -J min -I, and a clinical exam consistent with adequate cerebral perfusion. Eight patients with a mean initial Peoz of 34 ± 9 underwent a second study with hyperventilation, with Peoz decreased a mean of 8 mm Hg (range, 5 to 16 mm Hg). Criteria for hypoventilation included a baseline Peoz <30 mm Hg, a baseline CBF <70 ml 100 g-I min -I, and an absence of signs and symptoms of increased intracranial pressure. Six patients with a mean initial Peoz of 27 ± 6 underwent hypoventi lation, with Peo2 increased a mean of 9 mm Hg (range, 7 to 14 mm Hg). One patient each in both the hyper and the hypo ventilated groups did not meet the baseline Peo2 cri teria and group assignment was made on baseline CBF and clinical exam.
Calculations and statistical analyses
When significant differences in Peo2 levels, which could theoretically affect CBF values, were found be tween study populations, the CBF value for each territory was normalized by dividing the territory value by the mean for all values for a single patient (i.e., global CBF value). This method was employed for FHF versus nor mal analyses, as the Peo2 levels of these groups were significantly different. This correction therefore elimi nated the effect of differing levels of Peo2 on CBF when comparing CBF values between populations. These nor malized values for each territory were then used to cal culate regional and global differences between groups.
Grade III versus grade IV FHF patient groups had no significant difference between baseline Peo2levels, there fore a direct comparison between the two groups using uncorrected CBF values was utilized to analyze regional and global CBF differences.
The relative CO2 reactivity under conditions both of hyper-and hypoventilation was calculated as the percent age change in CBF per millimeter mercury chan&e in Peoz (Ackerman, 1973; Obrist et aI., 1984) . This procedure was utilized to obtain regional and global CO2 reactivity mea surements in 14 FHF patients (Table 1) . Differences in regional and global COz reactivity between the hyper-and hypoventilated FHF patient groups as well as grade III and grade IV FHF patient groups were then analyzed.
Statistical analyses, including cross-tabulations, t tests, and mUltiple analysis of variance (MANOV A), were used to determine statistical significance within and between groups. All analyses used SPSS (SPSS Inc., Chicago, IL, U.S.A.), a statistical software package, and were consid ered significant at p < 0.05. All numbers are reported as mean ± SD.
RESULTS
CBF
Because baseline Peo2 values were significantly different between the FHF patients and the normal controls (p < 0.001), CBF values were normalized.
The normalized CBF values in the ACA and MCA territories were significantly less in the FHF pa tients than the normals. The PCA territory was sig nificantly higher in the FHF patients than in the normals. The basal ganglia were not significantly different between the FHF patients and the normals ( Table 2) .
Comparing the FHF patients to the normal pop ulation using uncorrected CBF values despite the difference in baseline Peo2 level, the ACA, MCA, and basal ganglion territories and global CBF values were found to be significantly lower in the FHF patients than the normals. Only the PCA territory was not significantly different in the FHF patients than the normals ( Table 3 ).
There were no significant differences in regional or global CBF values between patients with grade III and those with grade IV HE. The baseline Peo2 level did not differ significantly between the two groups; therefore normalization of CBF values was not required (Table 4 ).
There were no significant differences in the base line CBF values in any vascular territory or globally between the hyper-and the hypoventilated groups.
Baseline Peo2 was not significantly different be tween these two groups ( Table 5 ).
CO2 reactivity
Response to hyperventilation. Eight FHF pa tients were hyperventilated based on the criteria de scribed above. All vascular territories and global CBF decreased significantly when Peo2 was de creased (Fig. 2) . Global CO2 reactivity ranged from -1 % to 11 %, with a mean reactivity of 4 ± 3%. Six of the eight patients (75%) had a CO2 reactivity �3%. There were no significant differences in CO2 reactivity between territories.
Response to hypoventilation. Six FHF patients
were hypoventilated based on the criteria described above. There were no significant differences in CBF in any vascular territory or globally to the in crease in Peo2 (Fig. 3) . Global CO2 reactivity ranged from -1 to 10%, with a mean reactivity of 2 Grade III versus grade IV. There were no signif icant differences in CO2 reactivity regionally or glo bally between eight grade III and six grade IV FHF patients.
DISCUSSION
Regional CBF changes
The present study suggests that the cerebral cir culation does undergo significant regional CBF al terations in the initial days after onset of severe HE. This is manifested most notably by a relative in crease in CBF in the posterior circulation and a reduction in CBF in the anterior circulation. This anterior/posterior reversal phenomenon has been described previously in acute coma resulting from head injury (Obrist et aI., 1983) . Obrist preservation of CO2 reactivity (ACA, p = 0.004; MCA, P = 0.007; PCA, P = 0.032; BG, P = 0.018; Global, p = 0.01 1).
BG, basal ganglia. thy secondary to chronic or acute hepatic failure.
Comparing their results with normal controls, they reported significant regional variation in CBF pat 
CO2 reactivity
In the present study, 14 of the FHF patients stud ied underwent Xe/CT CBF studies in which the CO2 CBF (mI100 9-' mln-') 70.0 ,------T" ""',.,. ..,. .. .-'C"'T" --. ..,.". ..,. .",. .,-.,. ..,.,. .,-:-;---c-; to dilate further to increasing Peo2. This hyperemic state with impairment in vasomotor tone could theoretically promote vasogenic edema, leading to brain swelling, intracranial hypertension, and brain herniation (Altenau and Kindt, 1977; Dempsey and Kindt, 1982; Chodobski et aI., 1986b; Munoz et aI., 1991) which is the cause of death in as many as 30 to 50% of FHF patients (Munoz et aI., 1991) . Similar studies in head-injured patients have also suggested that a reduction in cerebral vasomotor tone may contribute to brain swelling and intracranial hyper tension (Langfitt et aI., 1965 (Langfitt et aI., , 1966 (Langfitt et aI., , 1968 . Loss of CO2 reactivity has also been correlated with poor clinical prognosis in head injured patients (Enevold sen and Jensen, 1978).
Conclusions
Although global CBF values in FHF patients may be only slightly lower than those of normal controls, these values are misleading because of an apparent uncoupling between CBF and metabolic demand.
The loss of the normal vasodilatory response to hy percapnia further demonstrates the severity of the impairment in vasomotor tone. The present study suggests that CBF is maintained at levels in excess of metabolic demand secondary to an impairment in vasomotor tone, supporting previous investigations linking vasogenic edema to the deVelopment of brain swelling, intracranial hypertension, and cere bral herniation.
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